Initiation and propagation of cracks under simulated primary water conditions and different slow strain rates have been studied for an austenitic 304-type stainless steel. Two surface finishes were used to better understand the conditions that trigger stress corrosion cracking (SCC).
INTRODUCTION
Stainless steel alloys, like austenitic type 304, are often used for structural components in the primary circuit of fission reactors due to their excellent behaviour under high-temperatures and corrosive environments [1] . However, despite their corrosion resistance, the combination of stress in a corrosive environment, during long operation periods, can, under some conditions, trigger the appearance of microscopic cracks that penetrate into the material (known as stress corrosion cracking (SCC)) [2] , [3] . Even though SCC has been widely studied over the past two decades [1] [4] [5] , there is still limited understanding of the mechanisms that govern the initiation and propagation of these cracks and, although a range of models have been proposed [6] , still there is no agreement on a common and general model.
Since intergranular oxide penetrations were observed, many of these previous SCC studies were based on internal oxidation or oxygen diffusion ahead of the crack tip [7] [8] and rely on the fact that oxygen locally diffuses at the same rate or faster than the crack growth rate and that the oxides forming are more brittle than the metal matrix. Therefore, a variety of electron microscopy methods have been used in order to analyse oxide chemistry, crack morphology and local changes around the crack tip [9] [10] [11] . However, most studies do not take into account crystallographic aspects such as grain misorientation, local plastic deformation and strain localization in the area surrounding the crack tip. In this effort, transmission Kikuchi diffraction (TKD) has been proven to be very beneficial in revealing the extent of the strain concentration around the crack tips of 316 stainless steel and its effect on SCC [12] [13] . Therefore, an in-depth characterization effort providing information at high resolution and nm length scales combining chemical analysis Electron Energy Loss Spectroscopy (EELS) and Energy-dispersive X-ray spectroscopy, (EDX) and local stress and strain measurements (TKD) could contribute to solve some of the remaining questions. This is the focus of the current work. Moreover, since SCC propagation depends on multiple parameters (such as test temperature, material composition and water chemistry) two specimens of 304 stainless steel under different slow strain rate conditions and one specimen tested under constant load will be compared in order to study the effect that effective strain and microstructure (separate from all other factors) have on SCC.
MATERIALS AND METHODS
The material used for this work is an austenitic 304 stainless steel. Its chemical composition is shown in Table 1 . The material was then forged to a 20% reduction in the temperature window 170 -360 °C in order to suppress any martensitic transformation induced by strain. Then, three flat tensile samples (with a gauge length of 24mm and a cross section of 3.5x1 mm) were extracted from the bulk material in the S-L orientation since previous experience had shown this to be the most susceptible orientation for cracking. Each tensile sample was prepared in order to have two surface finishes, one side was ground with 600 grit SiC paper and the other side was subsequently ground with 600, 800, 1200, 2400 and 4000 SiC grit paper, polished with 3 and 1 µm water based polishing suspension and a final polish was performed for a minimum of 30 min with a 60 nm oxide polishing suspension (OPS).
In order to induce SCC, the samples were exposed in a continuously refreshed autoclave at 300 °C to simulated PWR primary coolant, i.e. high purity water with 2 ppm of lithium (as lithium hydroxide) and 30 cc/kg of hydrogen. Two of the samples (SSRT-T1 and SSRT-T2) were tested under slow strain rate tensile (SSRT) conditions and the third sample (C3R2C1) was subjected to a constant load test. The slow strain rate samples were loaded at 10 -6 s -1 up to close to yield and subsequently at a much lower strain rate. The tests were interrupted after a few percent plastic strain as shown in Table 2 . After the tests, OPS and 600 grit surfaces were analysed on each sample with a variety of techniques in order to characterise oxidation depths, cracks, chemical composition, local strain/stress and defects relative to microstructure.
SEM examination was performed in a Zeiss Merlin operating at 5 -10 kV and 8.5mm working distance (WD). FIB milling was performed on a Zeiss NVision 50. 3D-FIB slicing was performed with 30kV Ga + and 700pA while for SEM image acquisition 5kV e -was used. Post-processing of images (tilt corrected) was performed using Gatan's Digital Micrograph (DM) for image stacking, alignment and drift-correction [14] . AVIZO 6.0 was used for phase segmentation (based on pixel intensity) and 3D image reconstruction. FIB was also used to prepare TEM foils containing crack tips. EELS and EDX spectra were acquired with a Jeol ARM200F Cold Field Emission Gun (CFEG) equipped with a Gatan Image Filter (GIF) [15] and a 100mm 2 Centurion EDX detector. The voltage used was 200 keV and EELS acquisitions in STEM mode were performed with an incident angle of 20 mrad and a collection angle of 40 mrad. Multivariate Statistical Analysis (MSA) was applied for denoising the EELS data and for identifying relevant trends [16] [17] . Transmission Kikuchi diffraction (TKD) maps were collected at various cracks in order to identify local strain/stress. TKD patterns were generated on TEM thin foils at an acceleration voltage of 20 kV, 5mm WD and collected using a Nordlys Max EBSD detector (Oxford Instruments) mounted in a FIB-SEM Zeiss crossbeam 540. The indexation of the Kikuchi lines and the determination of the orientations were done with Oxford Instruments Aztec and analysed with CHANNEL5 software. The results were represented by means of local misorientation (KERNEL) and average misorientation maps.
RESULTS

Baseline characterisation
A baseline characterisation of the as-received material has been done including grain size, δ-ferrite content and inclusion identification. The average grain size for austenite and delta ferrite and delta ferrite content were obtained via EBSD from different regions of the material. A grain was then defined as an orientation change which exceeded 10° (boundaries with a misorientaion of 60° were excluded from the calculations in order to remove twin boundaries from the identification) and grains with an area less than 5µm 2 were removed in order to avoid noise. Results are summarised in Table 3 . Some inclusions (mostly intergranular) were imaged and analysed by EDX. The specific inclusion shown in Figure 1 is Mn and S rich, and most likely MnS, however a wide variety of inclusions with different chemical composition such as Al-oxides with some regions enriched in Ti, Mn and Mg, Ti-Mn, TiS, C-P and NiS are also present in the matrix. The inclusion density was quantified by thresholding multiple images of variable magnification (maximum pixel size of a thresholded image is 0.8µm) and it was found that the inclusion coverage was typically on the order of 0.01% with a size 0f ~2µm. 
Unstressed coupon exposure tests
Coupons were cut from the forged material and one face was 600 grit ground and the other was OPS polished. The coupons were then exposed to the high temperature (300 °C) water environment in autoclaves for 500h. Oxidation of the forged material allowed for the determination of reference inner oxide thickness. A 3D-FIB reconstruction of a representative region of the material OPS surface ( Figure 2 ) indicated that the inner oxide thickness (shown in green) varies in austenite (300 -500 nm) and ferrite (50 -100 nm) which allows for a visual identification (without the need of chemical composition analysis) of the δ-γ interface from cross-section imaging. Higher inner oxide thicknesses (>500 nm) have also been observed (Figure 2c and d) , and are most likely due to slip bands and/or grain boundaries. Austenite -ferrite interfaces are also easily recognizable due to differences in Cr and Ni content (higher content in ferrite and austenite, respectively). EELS elemental maps taken at an austenite-ferrite interface (Figure 3a and b) reveal a Cr enrichment (and Fe depletion) at the bottom part of the inner oxide followed by Ni enrichment at the inner oxide-metal interface. This Ni-enrichment seems to be higher at the oxide-ferrite interface than at the oxide-austenite interface. More specifically, the relative Ni composition (wt%) at the oxide-ferrite interface ( Figure 3c ) reaches 30% whilst relative Ni composition (wt%) at the oxide-austenite interface (d) reaches only 9%. 
C3R2C1
A small number of crack-like features, 5 -20 µm in length, were present on C3R2C1 (OPS surface) after the test ( Figure 5 ). In many cases, they appear to be at the ferrite -austenite interface (Figure 5b ). However, FIB cross-sectioning (Figure 5c and d) revealed the presence of inclusions associated with the cracks. These cracks widen as they grow deeper in the bulk and a porous area is found surrounding the cracks flanks. Therefore, it is likely that the cracks present in the C3R2C1 sample (1.6% strain) are more likely to be caused by the presence of inclusions, their dissolution and just mechanical behaviour rather than SCC. 
SSRT-T2
After 3% strain, the main crack type observed (at both OPS and 600 grit surfaces) were small cracks (~ 2 μm in depth) that rarely penetrated into the metal. Some examples of this kind of crack are shown in Figure 6 where it is clear that they are always associated with locally deeper oxide regions (associated with deformation bands). However, deeper crack penetration into the metal is also observed on both surface finishes. Most of these deeper cracks appear to be associated with inclusions (as occurred to C3R2C1 and as shown in Figure 7 ), but also some of them are at γ -δ interfaces (Figure 8a ) and γ grain boundaries (Figure 8b ). Also, cracks at the interface and austenite grain boundary do not show any signs of localized plastic deformation along the crack flanks suggesting that cracks have been initiated due to a diffusion controlled mechanism instead of just mechanical forces (purely SCC mechanism and not due to a high strain rate). On the other hand, cracks associated with inclusions have an irregular shape and crack flanks are asymmetric. In this case, crack propagation is also affected by dissolution of the inclusion. The specific inclusion associated with the crack shown in Figure 7 (apparently narrow from the surface but wider inside) is porous, containing Ti and Mn.
In order to study the purely SCCs, several EELS elemental maps were acquired from regions of interest (as shown in Figure 8b ). Two relevant maps are shown in Figure 9 which correspond to the crack tip (top) and the region close to the surface (bottom). Ahead of the crack tip, we can see some intergranular oxidation (Cr-rich oxide) (~150 nm) and Ni enrichment between oxide and metal that reaches 15% (Figure 10 ). This Nienrichment between oxide and metal is also observed at the region close to the surface and at the small crack ramifications that seem to follow grain boundaries that will reach the surface. These small cracks observed close to the main crack are likely connected in 3D with the main crack. This might not always be the case since small cracks with depths less than the inner oxide thickness have been extensively observed ( Figure 6 ). TKD average misorientation and local misorientation maps (left and right, respectively) at the crack tip ( Figure  11 ) show how the crack (white) follows the grain boundary that separates two grains 5° misoriented from the average grain orientation (Figure 11b green regions) .Moreover, the crack reaches a triple point where it seems to stop, although oxidation tends to continue along the grain boundary with the highest deformation (measured as local matrix rotation) (Figure 11b ) which is ~8°. Local measurements (Figure 11c ) confirm this region has a high concentration of dislocations (green areas). 
SSRT-T1
Significantly more cracking was observed in this sample after 5% strain, than in the SSRT-T2 sample strained to 3%. Most of the cracks were wide and open (from surface view) revealing their transgranular nature ( Figure  12a ). Moreover, cross-sectional imaging shows that most of these cracks are initially transgranular but they become intergranular or follow ferrite/austenite interfaces after some penetration (10 µm, Figure 12b ). However, transgranular cracks are not the only type of cracks present in the sample. Cracks at the δ -γ interface ( Figure  12c ), intergranular ( Figure 12d ) and surface oxide cracking (Figure 12f ) have also been observed. EDX elemental maps and STEM HAADF images of a representative transgranular crack tip are shown in Figure  13 . The inner oxide at the crack flanks and tip is ~10 nm thick and has a higher Cr content near the oxide-metal interface, followed by a Fe depleted and Ni enriched area at the interface, as already observed in the oxidised forged material and SSRT-T2. Quantitative line profiling at the very crack tip ( Figure 13) shows Ni enrichment between 15 -20% at the area around the oxide. Moreover, the oxide has a relative composition 60% O, 20% Cr and 20% wt. Fe, although in some areas the Cr content could reach 25% wt. (and consequently Fe content could decrease to 15%). 
DISCUSSION
Surface finish effects
Samples were prepared with two surface finishing methods (600 grit and OPS) in order to determine its effect on oxidation, crack initiation and crack propagation. OPS surface finishing is more relevant to laboratory conditions whilst 600 grit surface is more similar than OPS to plant conditions.
Analysis of the effect that the surface finish has on oxidation has been determined with 3D-FIB on SSRT-T2 (3% effective strain). A volume (one volume per surface finish) of 20x20x10μm 2 was milled on a slice by slice basis in steps of 60nm. After each step a picture of the cross-section was taken. The slides were then aligned, drift-corrected and reconstructed on a 3D volume. After the volume reconstruction, the inner oxide of each surface finish was highlighted in base of image contrast (segmentation) and isolated. Oxide thickness were then measured (a total of 300000 measurements were performed for each surface) and the distribution of oxide thickness was plotted vs. normalised frequency for both surfaces (Figure 15 ). For the 600 grit surface, the most frequent oxide thickness, i.e. inner oxide mean thickness at the surface, is in the region of 150 -250 nm whilst for OPS is 600 -800 nm. Higher thickness regions correspond to the presence of oxide at deformation bands and/or small crack flanks (300 -500 nm for 600 grit and 1.0 -1.4 μm for OPS). The maximum observed thickness measurements correspond to the presence of oxide at a tip of a crack and are different for the 600 grit and OPS surfaces (700 nm and 3.5 μm, respectively). Regarding crack initiation and propagation, 600 grit surface presents fewer initiated cracks, on both SSRT-T2 and SSRT-T1, compared to OPS surface (OPS/600 grit crack ratio=1.4 for both samples). However, crack propagation does not seem to differ much, as seen in Figure 16 . There, the normalised frequency is plotted vs. crack depth and there are no remarkable differences between both surface finishing. Hence, it can be said that SCC initiation is delayed in the 600 grit surface, but once the crack propagates beyond the more deformed layer (cause by the coarser grinding), propagation behaviour (i.e. crack depth) is similar for both surfaces. SSRT-T1 (5% effective strain).
Strain effects
3D-FIB has also been used in order to compare the effect of test conditions on the oxide thickness. Therefore, oxide thickness of SSRT-T1 (5% effective strain and 500h) and SSRT-T2 (3% effective strain and 900h) (both 600 grit surface) was measured (as done on section 4.1) and has been plotted vs. normalised frequency ( Figure  17 ). In order to eliminate differences in thickness due to differences in exposure times, the data has been also normalised respect to exposure time assuming linear oxidation rate for the experimental exposure times. It can be observed that the mean oxide thickness for the sample with 5% effective strain (SSRT-T1) is in the region of 300 -500 nm whilst for 3% effective strain (SSRT-T2) the most frequent oxide thickness, is 150 -250 nm. Although oxide thickness values are not exactly the same for both samples, it should be noted that the image segmentation was done based on signal intensity (i.e., image contrast). For that reason, it can be said that the thickness values are comparable for both samples. In that sense, there does not seem to be any effect on oxide thickness due to the level of plastic strain since oxide thickness at the reference material (0% effective strain) is also similar to SSRT-T2 (3% effective strain) and SSRT-T1 (5% effective strain). On the other hand, the different SSRT conditions applied entails, besides differences on the effective strain, differences concerning the nature, number and penetration of cracks. First of all, the main type of crack developed after the test is different, being intergranular and at the δ-γ interface for SSRT-T2 and intragranular for the SSRT-T1 (highest strain ratio) and, secondly, the number of cracks that effectively penetrates into the metal is ten times higher for SSRT-T1 (SSRT-T1/SSRT-T2 crack ratio=10) which depths are also considerably higher (as shown in Figure 16 ). Hence, SSRT-T2 strain rate conditions suggest it is experiencing the very early stages of SCC (slightly less effective strain on sample C3R2C1, that does not induce any SCC) whereas SSRT-T1 strain rate conditions might be too aggressive, promoting intragranular initiation of cracks.
However, different strain rates (and consequently different effective strains) do not seem to have any correlation with diffusivity of elements. Therefore, inner oxide composition as well as Ni-Fe-Cr composition at the oxidemetal interface do not differ between SSRT-T2 ( Figure 9 ) and SSRT-T1 ( Figure 13 ) and the reference oxidised sample (Figure 3 ).
Local strain
It is well known that ferrite is beneficial not only for retarding SCC due to its higher corrosion resistance (larger Cr content than austenite) [18] but also for exhibiting a lower crack growth rate (CGR) at the δ -γ interface (compared to γ-γ grain boundary) [19] . However, this does not seem to be the case for the material used for this study which cracks preferentially at the ferrite -austenite interface, representing ~50% of the cracks in both samples (for SSRT-T1 only propagation type has be considered since most of the cracks are initially transgranular but they become intergranular or follow a δ-γ interface after some penetration). Based on results from Y. H. Lu et al. [20] , this can be related to the sample orientation (S-L) used for this work that imply ferrite -austenite interfaces are perpendicular to stress direction, i.e., δ -γ interfaces are parallel to crack propagation. This stimulates higher strain localisation at the interface (therefore, more cracks) in addition to the differences accommodating stresses between ferrite and austenite.
Comparing the TKD maps of both samples ( Figure 11 and Figure 14) , the maximum deformation region corresponds to matrix rotations of up to 7° and 12° for SSRT-T2 and SSRT-T1, respectively. These values suggest that crack propagation follows a path between the two regions with the highest difference in strain localization. This also allows for a higher diffusivity (and therefore oxidation) which is expected to be stressassisted [21] , [22] .
CONCLUSIONS
Stress corrosion cracking initiation and propagation of 304 austenitic stainless steel have been studied at different SSRT test conditions and the following conclusions can be drawn:
1. Initiation of intergranular cracks, as well as cracks at the austenite--ferrite interface, occurred after 3% effective strain. Initiation of transgranular cracks takes place at 5% effective strain. These transgranular cracks become intergranular at the δ -γ interface after some penetration.
2. Oxide thickness after SSRT tests does not seem to be affected for the different test conditions between SSRT-T1 (2.5x10 -8 strain rate, 5% effective strain and 500h) and SSRT-T2 (1.0x10 -8 strain rate, 3% effective strain and 900h) although it is affected by the surface finishing. Inner oxide on the austenite at the OPS surface is continuous and compact whilst the inner oxide at the 600 grit surface is very variable in depth and not compact.
3. Surface finishing also affects the number of cracks initiated. The number of cracks initiated on the 600 grit surface is lower compared to the more finely polished OPS surface; however, once initiated, crack depth is similar for both surfaces.
4. Different effective strains do not seem to have any correlation with diffusivity of elements. Therefore, the inner oxide composition as well as Ni-Fe-Cr composition at the oxide -metal interface do not differ between SSRT-T2 (3% strain) and SSRT-T1 (5% strain).
5. Both SSRT-T2 (3% strain) and SSRT-T1 (5% strain) contain a large number of cracks at the ferriteaustenite interface. This is attributed to the sample orientation (S-L) selected for the tests for which these phase interfaces are parallel to the crack propagation direction. This orientation may stimulate higher strain localisation at the interface in addition to the stress incompatibility between the ferrite and austenite..
